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INTRODUCTION
A disruptive effect by speech has been observed on immediate serial recall performance of visually presented materials, even though contents of speech have no relevance with the visual materials and participants are instructed to ignore speech. The effect is called the irrelevant speech effect (Banbury et al., 2001 ). The present paper examines how speech degradation and language affect the size of the effect in two different participant groups, i.e., Japanese and German listeners.
The present authors utilized noise-vocoded speech (Shannon et al., 1995; Smith et al., 2002; Ueda et al., 2009 ) in order to reduce speech information. The intelligibility of noise-vocoded speech stimuli was examined in Experiment 1. The irrelevant speech effect was observed in Experiment 2.
EXPERIMENT 1: INTELLIGIBILITY TEST
One has to decide frequency boundaries with which speech is divided into several frequency bands, in order to make noise-vocoded speech stimuli. Ueda and Nakajima (2008) introduced factor analysis in deciding frequency boundaries of spoken sentences in eight languages, including Japanese and German. The speech signals were passed through 20-critical-band filters (Fletcher, 1940; Zwicker and Terhardt, 1980; Schneider et al., 1990; Fastl and Zwicker, 2007; Moore, 2012) . Correlation coefficients were obtained among power fluctuations calculated in filter outputs. Factor analyses were performed on the correlation coefficients, and yielded three factors with four peaks in factor loadings along a frequency axis, which led to four frequency bands. The four frequency bands were very similar for each language, however, some boundary frequencies were slightly different form each other. In order to assess the effects of boundary frequency differences and number of frequency bands of the noise-vocoded stimuli on intelligibility, mora accuracy in Japanese and syllable accuracy in German were observed.
Method

Conditions and Stimuli
Experimental conditions are described in Table 1 . These conditions were common to the two languages, i.e., Japanese and German. The noise-vocoded speech stimuli were based on 45 sentences spoken by a native-Japanese and a native-German speaker. The speech materials were extracted from a speech database compiled by NTT-AT ("Multilingual speech database 2002," recorded with 16-kHz sampling and 16-bit linear quantization). Those samples were edited to eliminate unnecessary blanks and noise, leaving silent margins of about 10 ms before and after each sentence. Factor analyses performed on power fluctuations of the edited samples yielded almost the same boundary frequencies as in the previous analyses, and the differences of boundary frequencies were not greater than one critical band. The samples were passed through filters with cutoff frequencies specified in Table 1 . Each filter was constructed as concatenate convolutions of an upward frequency glide and its temporal reversal. Transition region widths were 100 Hz, with out-of-band attenuations of 50-60 dB. Powers were obtained by squaring each filter output, and the powers were smoothed by a moving average of a Gaussian window (σ = 5 ms), which was equivalent to lowpass filtering with 45-Hz cutoff. A power ratio between the filtered speech and a bandnoise with a corresponding bandwidth was obtained. The bandnoise was modulated with the root of the ratio, which corresponded to an amplitude envelope. The modulated bandnoises were added up to yield noise-vocoded speech. The stimuli in two-band conditions (conditions 6-8) were synthesized from the stimuli in four-band conditions (conditions 3-5), blending powers in two neighboring channels, while keeping average spectral shapes. Experimental conditions common to the two languages, i.e., Japanese and German. The frequency range of the stimuli was 50-7000 Hz. The boundary frequencies of conditions 3 and 6 came from factor analysis of German speech, and those of conditions 5 and 8 from analysis of Japanese speech. Conditions 4 and 7 were between these two extremes. These boundaries were derived from Ueda and Nakajima (2008) .
Condition
Number Eight native speakers of Japanese, five females and three males with normal hearing (mean age = 25), participated in the experiment based on Japanese spoken sentences. The same number of native speakers of German, seven females and one male with normal hearing (mean age = 21.6), participated in the experiment based on German spoken sentences.
Procedure
Stimuli were presented to both ears of a participant in a soundproof booth through headphones (Stax, SR-303 for the Japanese participants and Beyerdynamic, DT 990 PRO for the German participants). The average presentation level was adjusted to about 74 dB SPL, using a 1-kHz calibration tone included in the speech database. A total of five blocks, in which each block consisted of nine trials of different conditions were presented to each participant. The order of the conditions in each block was randomized. A total of 45 different sentences were allotted to 45 trials. The results of the first block were discarded.
Each sentence in a trial was presented three times in succession to the participants with an inter-stimulus-interval of about 1 s. The participants were instructed to write down what they had heard without guessing. When they could not hear out a whole sentence but could hear some fragments of a sentence, they estimated where the positions of the fragments were along a guideline printed on an answer sheet, of which the length represented the duration of a sentence. No feedback or systematic training was given to the participants during the whole sessions.
Results
Average mora accuracy was calculated for the Japanese participants and average syllable accuracy was calculated for the German participants. Fig. 1 shows the results. ANOVA of arcsine-transformed accuracy revealed significant main effects of the experimental conditions and the languages [F(8, 544 performed among conditions 3-5 and 6-8 in each language. However, no significant effect was found.
Discussion
The effect of reducing the number of frequency bands in noise-vocoded speech was evident: 20-band (critical-band) noise-vocoded speech was almost as intelligible as the original speech, but 4-band noise-vocoded speech was less intelligible, 2-band noise-vocoded speech was barely intelligible, and 1-band noise-vocoded speech was practically non-intelligible. These results correspond well with the results of previous investigations (Shannon et al., 1995; Dorman et al., 1997; Smith et al., 2002; Ueda et al., 2009) .
In order to check whether a potential difference in the frequency response of the two headphones, i.e., Stax, SR-303 and Beyerdynamic, DT 990 PRO, could have caused any significant difference in performance, the present authors repeated the same experiment with four other Japanese participants, utilizing Beyerdynamic, DT 990 PRO instead of Stax, SR-303. The results revealed no statistical difference compared to the previous results with Stax headphones.
The shifting of frequency boundaries within a small range yielded not significantly different results. Thus, we decided to utilize the same frequency boundaries in both languages to produce noise-vocoded speech stimuli.
EXPERIMENT 2: IRRELEVANT SPEECH EFFECTS
Irrelevant speech effects on serial recall task of visually presented digits were examined by utilizing noise-vocoded speech, in which the numbers of frequency bands were systematically reduced to control intelligibility. The same Japanese and German speech was presented to both Japanese and German participants, in order to examine whether native and non-native 
Method
Conditions and Stimuli
Experimental conditions are depicted in Table 2 . Visual stimuli were digits 1-9 presented on a computer screen at a rate of 1 per second. The order of presentation was randomized. Retention interval was 5 s. The visual angle of the digits presented was 0.92 degree for Japanese participants and 1.96 degree for German participants.
The noise-vocoded speech was synthesized from 80 Japanese sentences each spoken by 10 (5 females and 5 males) Japanese-native speakers and 80 German sentences each spoken by 10 (5 females and 5 males) German-native speakers. Eight sentences were allotted to each experimental condition. Presentation order was randomized for each trial. Speakers were also randomly assigned to each sentence in each trial. The first 14 s of a series of 8 sentences was extracted in each trial. The last 1-s portion of a series was faded out by a cosine curve. Ten sets of different sentence allocation to the conditions were determined. The speech stimuli including original speech and noise-vocoded speech were presented to the both ears of a participant via headphones at an average level of 74 dB SPL.
Participants
Forty native-Japanese listeners (12 females and 28 males; age 18-26; Median: 21 years) who had no knowledge of German and 40 native-German listeners (37 females and 3 males; age 19-44 years; Median: 22 years) who had no knowledge of Japanese participated. They had normal visual acuity and normal hearing. Visual acuity of the participants was checked with a Landolt-ring chart. Hearing levels of the participants in a frequency range of 250-8000 Hz were checked with an audiometer, Rion, AA56, for Japanese participants, and Madsen, Astera, for German participants. Twenty persons in each participant group, who were randomly chosen, were assigned to the conditions where their native language was presented and the other 20 persons were assigned to the conditions where their non-native language was presented.
Procedure
Participants sitting in a soundproof booth were instructed to remember a series of digits presented on a computer screen in each trial, to ignore whatever sounds if they were presented, and to reproduce the series as far as possible on a key-pad appeared on a screen immediately after a 5-s retention interval. Reading aloud the digits during the experiment was prohibited. A total of 60 trials (10 trials for each condition) were run after three trials of practice for each participant. Figure 2 shows the results. Overall performance goes down as the number of frequency bands is increased. Japanese participants exhibits better performances on average. Performance in some non-native language conditions seems to exceed corresponding native language conditions. The main effect of experimental conditions was highly significant [F(5, 380) = 51.60, p < .001], the main effect of participant groups was also significant [F(1, 76) = 28.65, p < .001], and the interaction effect between conditions, languages, and participant groups was significant [F(5, 380) = 2.5, p = .03].
Results
Discussion
The intelligibility of the degraded speech (noise-vocoded speech) and the irrelevant speech effect seem to be correlated: when speech is highly intelligible, it exhibits a large irrelevant speech effect, and vice versa. The fact that one's native language causes a severer disturbing effect is consistent with the assumption that speech intelligibility is one of factors that determines the irrelevant speech effect.
There may be some language dependent components in memorizing series of digits, because the Japanese participants exhibited better performance in the serial recall task compared to the German participants. The same tendency was already observed in a previous investigation (Hellbrück et al., 1996) , but it did not appear as a significant effect, probably because of large individual differences compared to the size of data.
